Introduction
============

Alzheimer\'s disease (AD) is the most common form of dementia, causing a progressive decline of cognitive functions. The pathological hallmarks of the disease are extracellular neurotic plaques consisting of amyloid-beta (Aβ) and intracellular neurofibrillary tangles consisting of aggregated hyperphosphorylated tau protein, as well as loss of synapses and neurons. Compelling evidence suggests that intracellular neurofibrillary tangles rather than neurotic plaques are more closely correlated with the cognitive decline and severity of AD.^[@bib1],\ [@bib2]^ In addition, concentrations of tau protein, detected in the cerebrospinal fluid of subjects at risk for AD, were increased 15 years before expected symptom onset.^[@bib3]^ Given the evidence that the tau hyperphosphorylation is critical to induce neuronal death,^[@bib4],\ [@bib5]^ it has become widely recognized that tau-based therapeutic strategies may be not only effective for AD but also for other diseases with tauopathies. However, no effective therapeutics targeting tau-related neurodegeneration is available in clinical settings.

Brain-derived neurotrophic factor (BDNF), the most widely distributed neurotrophin in the central nervous system, has a pivotal role in synaptic plasticity and neuronal survival.^[@bib6]^ Accumulating evidence indicates that BDNF polymorphisms and reduced BDNF expression in human brains are closely associated with the pathogenesis of AD. It is suggested that the C270T (a nucleotide substitution in a noncoding region) and Val66Met (a missense mutation at the codon 66) polymorphisms of the BDNF gene confer susceptibility to AD,^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ and AD subjects show reduced mRNA and protein levels of BDNF in the serum and brain as compared with healthy elderly controls.^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ Importantly, higher expression of BDNF slows down cognitive decline in the elderly, especially in the setting of advancing AD neuropathology, indicating that the brain BDNF level could be used as a novel marker for evaluating AD progression.^[@bib14],\ [@bib15]^ Accordingly, it is conceivable to increase BDNF levels by directly supplementing BDNF or indirectly stimulating BDNF expression as a potential disease-modifying approach for AD.^[@bib16]^ Consistently, *in vitro* and *in vivo* experiments demonstrate that BDNF has neuroprotective effects against the cytotoxic effects and learning deficits induced by Aβ.^[@bib17],\ [@bib18]^ Similarly, BDNF gene delivery in Aβ precursor protein (APP)-transgenic mice improves learning and memory, and reserves synapse and cell loss caused by APP mutation.^[@bib19],\ [@bib20]^ In general, these lines of evidence suggest that direct application of BDNF exerts a protective effect against Aβ-related pathologies. However, no evidence is available that whether BDNF treatment can also ameliorate tauopathy of AD. In the present study, we investigated the therapeutic effects of BDNF on tauopathy in a P301L mouse model, using an adeno-associated virus (AAV)-mediated delivery method.

Materials and methods
=====================

Human sample collection and BDNF determination
----------------------------------------------

Post-mortem human brain samples (parietal cortex) from histologically confirmed cases of AD (*n=*12) and healthy elderly controls (HE, *n=*12) were obtained from the Banner Sun Health Research Institute (Sun City, AZ, USA). Sex, age and education of the two groups are matched. Braak staging of AD group ranges from V to VI. The levels of BDNF in parietal cortex homogenates of AD patients and HE controls were quantified using western blot analysis (antibody from Abcam, Cambridge, MA, USA, ab72439). In addition, 44 probable AD patients and 54 age-matched HE controls were recruited from Daping Hospital of the Third Military Medical University. AD was diagnosed according to DSM-IV and the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS-ADRDA) criteria. Serum samples were collected from all participants, and cerebrospinal fluid samples were collected from some participants. BDNF levels were quantified using human BDNF ELISA kits (Abbexa, Cambridge, UK) according to the manufacturer\'s instructions. The collection and subsequent biochemical analyses of serum and human brain tissues were approved by the Ethics Committee of Daping Hospital of the Third Military Medical University. Signed consent forms were obtained from all participants or their family members.

Animals and sample collection
-----------------------------

pR5 mice were imported from Australia and bred in the Daping Hospital animal house. This mouse model expresses P301L mutant tau transgene in neurons. The mice are characterized by age-related tau pathology including neuronal fibrillary tangle composed of hyperphosphorylated tau, memory impairment and mitochondrial dysfunction.^[@bib21]^ All animals were maintained under standard conditions at 22 °C and a 12 h light/dark cycle with *ad libitum* food and water. Genotyping of mice was performed using PCR according to the supplier\'s instructions. Serum and brain homogenates from 18 P301L mice at different ages (4-, 8- and 12-month old, *n=*6 per age, half male and half female) and 18 age- and sex-matched wild-type (Wt) littermates (*n=*6 per age) were collected for the measurement of mouse BDNF using enzyme-linked immunosorbent assay (ELISA; Abbexa) and western blot assays. In addition, the levels of tau at different phosphorylation sites in brain homogenates were quantified using western blot analyses. A total of eight P301L transgenic mice with half male and half female were treated with intraventricular injections of AAV-BDNF at 3 months of age before the occurrence of significant neurofibrillary tangle formation, neuronal degeneration and cognitive impairment.^[@bib22]^ As controls, eight P301L mice (four per sex) were treated with AAV-green fluorescent protein (AAV-GFP) at the same age. At 12 months of age, the treated P301L mice and additional eight P301L mice and eight Wt littermates (half male and half female) without any treatment were subjected to behavioral tests as controls. After behavioral testing, two mice from two AAV-treated groups were killed and 1 mm tissue blocks from the hippocampus were excised and fixed in 4% formaldehyde and 1% glutaraldehyde in 0.1 M PB (pH 7.4) for future transmission electron microscopy staining. The remaining mice were perfused transcardially with normal saline, and brains were harvested. The left hemisphere per animal was frozen for biochemical analysis. The right hemisphere for histological analysis was fixed in 4% paraformaldehyde (pH 7.4) for 24 h and incubated for 24 h in 30% sucrose for subsequent cryoprotection. Coronal sections of the brain were cut at 35 μm thickness with a cryosectioning microtome and stored at 4 °C in phosphate-buffered saline containing 0.1% sodium azide until use. All experiments were approved and documented by the Third Military Medical University Animal Welfare Committee.

AAV-BDNF vector production and intraventricular injection
---------------------------------------------------------

The vectors of AAV8-human mature BDNF (AAV-BDNF) and AAV8-enhanced GFP (AAV-GFP) were generated, produced and purified by Virovek (Hayward, CA, USA). Briefly, the target gene was cloned into Virovek\'s AAV production shuttle plasmid. Recombinant baculoviruses were generated and used to infect Sf9 cells to produce AAV vectors with Virovek\'s proprietary BAC-TO-AAV technology. The AAV vectors were purified by double CsCl ultracentrifugations and buffer-exchanged with PD-10 desalting columns. AAV titers were determined with quantitative real-time PCR and the purity was verified by SDS-PAGE, followed by SimplyBlue Safestain assay. P301L transgenic mice were injected with AAV-BDNF or AAV-GFP into the left lateral ventricle at 3 months of age. The injection coordinate point was taken from bregma following the stereotaxic coordinates: anteroposterior, −0.6 mm; lateral, 1.2 mm; and ventral, 2.2 mm. A total of 4 μl vector solution containing 2 × 10^9^ vector genomes of recombinant AAVs (AAV-BDNF or AAV-GFP, 0.5 × 10^9^ vg μl^−1^) were injected, which is equivalent to the dose used in clinical trials of AAV, in accordance with the Food and Drug Administration criteria for converting drug-equivalent dosages across species on the basis of body surface area: human equivalent dose in vg kg^−1^ = animal dose in vg kg^−1^ × (animal weight in kg per human weight in kg)^0.33^.

Behavioral tests
----------------

Behavioral tests comprised the spontaneous alternation test, novel arm exploration test, object recognition test and Morris water maze test. In the spontaneous alternation test, mice were allowed to move freely through a Y-maze during a 5-min session. Alternation was defined as successive entries into the three arms on overlapping triplet sets. The percentage of alternation was calculated as the total number of alternation × 100/(total number of arm entries−2). In the Y-maze, the novel arm exploration test was also performed. First, one arm was blocked (defined as \'novel arm\'), and mice were allowed to explore the other two arms (\'home arm\' and \'familiar arm\') for 5 min. After a 2-h interval, mice were allowed to explore all three arms for 3 min freely. The number of novel arm entries and the time spent in the novel arm were recorded. The object recognition test was conducted in an open-field apparatus, and the test included habituation, familiarization and test phases. In the habituation phase, the mouse was placed in an empty open field and allowed to explore the apparatus for 3 min. After 24 h, the mouse was placed again in the apparatus and allowed to explore the two pre-placed identical objects for 3 min for familiarization. In the test phase, the two familiar objects (FOs) were replaced, one with the triplicate copy and the other by a novel object (NO). The mouse was placed in the apparatus for the third time to recognize the newly placed objects for 3 min. The exploration times for a FO and a NO were recorded, and a preference index (PI) was calculated as PI=NO time/(NO time+FO time). Before Morris water maze test, swimming ability of all mice were tested, and one mouse for Transgenic control group in treatment experiments was excluded because of disability of swimming. Morris water maze test consisted of three platform trials per day for five consecutive days, followed by a probe trial. Performance was video-recorded and analyzed with an image-analyzing software (ANY-maze, Stoelting, Wood Dale, IL, USA). In platform trials, the distance of path and escape latency were measured. In probe trials, the time spent in each quadrant and the number of annulus crossings were measured.

Analysis of human BDNF expression
---------------------------------

ELISA, western blot and immunohistochemistry assays were performed to examine the expression of human BDNF in the brains of P301L mice after intraventricular injection of AAV-BDNF. Fresh left hemisphere was weighed and homogenized in lysate buffer. The homogenates were centrifuged at 10  000 *g* for 10 min at 4 °C, and the resultant supernatant was collected and subjected to ELISA assays according to the manufacturer\'s protocols (human BDNF ELISA kit, Abbexa). In addition, the levels of total BDNF including endogenous mouse BDNF and human BDNF in brain homogenates were also detected by western blot analysis using anti-BDNF antibody (Abcam, ab72439, detecting both mouse and human BDNF). Coronal sections from the right hemisphere were immunostained for microglia (anti-CD45 antibody, Millipore, Bedford, MA, USA), astrocyte (anti-glial fibrillary acidic protein antibody, Millipore), neurons (anti-NeuN antibody, Abcam), GFP (anti-GFP antibody, Abcam) and human BDNF (anti-human BDNF antibody, R&D systems, Minneapolis, MN, USA) to identify localization and levels of human BDNF expression in P301L mouse brains after AAV-BDNF injection.

Immunostaining
--------------

A series of five equally spaced tissue sections (∼1.3 mm apart) spanning the entire brain were subjected to immunostaining using the free-floating method as described previously.^[@bib23]^ Primary antibodies to NeuN (Abcam), choline acetyltransferase (ChAT; Abcam), pS396-Tau (Signalway, Pearland, TX, USA), postsynaptic density protein 95 (PSD-95; Millipore) and vesicle-associated membrane protein 1 (VAMP-1; Epitomics, Burlingame, CA, USA) antibodies were used in a 1:50--1:200 dilution. After incubation with primary antibodies for 24 h, the sections were incubated with secondary antibodies and developed with 3,3\'-Diaminobenzidine or Alexa Fluor fluorescent dyes. Images of immunostaining were collected and quantified using ImageJ. The number of neurons (NeuN^+^) in the same part of CA1 region in a series of five slices with an equal space across the hippocampus was counted, and the number of ChAT-positive neurons per visual field in the basal forebrain, including the medial septum, intermediate part of the lateral septum and vertical limb of the diagonal band, was counted (five slices with an equal space from the basal forebrain per animal were selected, and the neuron number of same regions per slice was recorded), following methods described previously.^[@bib24],\ [@bib25]^

ELISA assays of pT181 and pT231
-------------------------------

Brain homogenates were extracted successively with Tris buffer solution (TBS) and 2% sodium dodecyl sulfonate (SDS) buffer in the presence of phosphatase inhibitors. Levels of human pT181 and pT231 in the TBS and SDS fractions were determined according to the supplier\'s instructions (Novex, KH00631 for pT181, KHB8051 for pT231).

Western blotting
----------------

Frozen fresh brain samples were homogenized in lysis buffer in the presence of protease inhibitors or phosphatase inhibitors. Samples were separated by SDS-PAGE (4--10% acrylamide) and transferred to nitrocellulose membranes. The blots were probed with the following antibodies: pS396-tau (Signalway), pS202/T205-tau (Signalway), pS404-tau (Signalway), glycogen synthase kinase 3 beta (GSK3β Abcam), pS9-GSK3β (Abcam), protein phosphatase 2A (PP2A, Millipore), PP2A-Y307 (Millipore), synaptosomal-associated protein 25 (SNAP-25, Millipore), synapsin I (SynI, Millipore), VAMP-1 (Epitomics), PSD-95 (Millipore), postsynaptic density protein 93 (PSD-93, Abcam), doublecortin (Abcam), nestin (Millipore), neuron-specific enolase (Abcam), neurofilament-200 (Abcam), ChAT (Abcam), NeuN (Abcam), microtubule-associated protein 2 (Millipore) and β-actin (Sigma-Aldrich, St Louis, MO, USA). The membranes were incubated with IRDye 800CW secondary antibodies (Li-COR) and scanned using the Odyssey fluorescent scanner. The band density was normalized to β-actin or NeuN when analyzing, as appropriate.

Transmission electron microscopy staining
-----------------------------------------

After fixation in 4% formaldehyde and 1% glutaraldehyde overnight, hippocampal tissue blocks were successively subjected to post-fixation, embedding and sectioning. Images of pyramidal neuron were collected using a Joel 1200 EX transmission electron microscopy.

Statistical analysis
--------------------

Unless otherwise stated, the results are presented as mean±s.e.m. The data were first assessed for normal distribution using the one-sample Kolmogorov--Smirnov test. Statistical comparisons between two groups were tested using Student\'s *t*-test, or Mann--Whitney *U*-test, as applicable. Comparisons among groups were determined using the one-way analysis of variance, or Kruskal--Wallis test, as appropriate. Categorical variables were compared by *χ*^2^-test, or Fisher exact test, as applicable. *P-*values\<0.05 were considered significant.

Results
=======

BDNF levels are reduced in the blood and brain of AD patients and P301L transgenic mice
---------------------------------------------------------------------------------------

Serum BDNF was significantly reduced in AD patients compared with age- and sex-matched HE controls ([Figure 1a](#fig1){ref-type="fig"}, source data of participants shown in [Supplementary Table](#sup1){ref-type="supplementary-material"}), and the detection rate of cerebrospinal fluid BDNF was lower in the AD group than in the HE group ([Figure 1b](#fig1){ref-type="fig"}). BDNF levels in parietal cortex homogenates of pathologically confirmed AD patients (Braak staging V--VI) were decreased by \~50% compared with age- and sex-matched HE controls, as quantified using ELISA ([Figure 1c](#fig1){ref-type="fig"}) and western blot analyses ([Figure 1d, e](#fig1){ref-type="fig"}). To investigate whether the P301L mouse had similar BDNF changes, we conducted ELISA and western blot assays to determine BDNF concentrations of serum samples and brain tissue homogenates of the mice at different ages. From 4 months of age, P301L mice began to show BDNF reduction in both blood and brains compared with age- and sex-matched Wt littermate controls, and the extent of BDNF reduction became more obvious with aging ([Figure 1f, g](#fig1){ref-type="fig"}). As expected, at 12 month of age, P301L mice had higher phosphorylated tau levels in the brains than their Wt littermates, as detected by western blots ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Next, we further determined whether the BDNF reduction was independent of neuron loss, the characteristic of tauopathy. Using NeuN, a widely used neuron marker, as an internal control, we quantified relative levels of BNDF in the brain homogenates of P301L mice and Wt controls by western blotting. We found that as early as at 4 month of age, when neuron loss was not detectable in the brains of P301L mice,^[@bib22]^ the relative brain BDNF level has become lower in P301L mice than in Wt controls (with 15% reduction; [Figure 1h, i](#fig1){ref-type="fig"}). At 12 months of age, the reduction of relative brain BDNF level in P301L mice was more significant ([Figure 1j, k](#fig1){ref-type="fig"}). These findings suggest that BDNF deficiency in the brains of AD patients or P301L mouse models is not secondary to neuron loss.

Restoration of brain BDNF levels in P301L mice by delivery of recombinant human BDNF gene using the AAV8 vector
---------------------------------------------------------------------------------------------------------------

The AAV8 vector was used to deliver the human mature BDNF gene into the brain of P301L mice at 3 months of age, before the occurrence of significant neurofibrillary tangle formation, neuronal degeneration and cognitive decline. AAV-GFP at the same dose was used as a control. The schematic of AAV vector construction is shown in [Figure 2a](#fig2){ref-type="fig"}. Using specific antibodies, we found that GFP and human BDNF were widely expressed in different brain regions ([Figure 2b](#fig2){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}), indicating the penetrating ability of AAVs from the ventricles into the brain parenchyma, as well as the potent transporting capacity of AAVs to distal projection sites because of its neurotropic characteristic. Both GFP and human BDNF were expressed selectively in neurons, but not in CD45- or glial fibrillary acidic protein-positive glial cells ([Figure 2c](#fig2){ref-type="fig"}). Human BDNF expression in brains could be detected at 3 weeks after AAV injection ([Figure 2d](#fig2){ref-type="fig"}), and it remained stable from 9 weeks to 9 months post injection ([Figure 2d](#fig2){ref-type="fig"}). Total BDNF levels in the brains after stable expression of human BDNF was comparable to the physiological concentrations of age- and sex-matched Wt littermates, and significantly higher than that of AAV-GFP-treated P301L mice and untreated P301L mice ([Figure 2e](#fig2){ref-type="fig"}).

Restoration of the brain BDNF level rescues the behavioral deficits that characterizes P301L mice
-------------------------------------------------------------------------------------------------

Nine months after AAV delivery, a series of behavioral tests were conducted (scheme in [Figure 3a](#fig3){ref-type="fig"}). As expected,^[@bib22],\ [@bib26]^ compared with Wt littermates, untreated P301L mice showed significant cognitive decline in multiple cognition domains observed through Morris water maze, Y-maze and NO recognition tests ([Figure 3b--f](#fig3){ref-type="fig"} and [Supplementary Figure 3c](#sup1){ref-type="supplementary-material"}). AAV-GFP-treated P301L mice had similar behavioral performances to untreated P301L mice ([Figure 3b--f](#fig3){ref-type="fig"} and [Supplementary Figure 3c](#sup1){ref-type="supplementary-material"}), indicating that the injection of AAV-GFP and expression of GFP had no effect on the cognition of P301L mice. Compared with intact or AAV-GFP-treated P301L mice, the P301L mice treated with AAV-BDNF performed better in the Y-maze, as reflected by a significant increase in the alternation percentage ([Figure 3b](#fig3){ref-type="fig"}) and total entry number ([Figure 3c](#fig3){ref-type="fig"}) in the spontaneous alternation test, and a higher percentage of novel arm entry ([Figure 3d](#fig3){ref-type="fig"}). Moreover, the PI for the NO (procedures shown in [Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}) of the AAV-BDNF group was significantly higher than that of the AAV-GFP and untreated P301L groups ([Figure 3e](#fig3){ref-type="fig"}). In the Morris water maze test, AAV-BDNF-treated P301L mice showed shorter escape latency ([Figure 3f](#fig3){ref-type="fig"}) and more annulus crossing ([Supplementary Figure 3c](#sup1){ref-type="supplementary-material"}). There was no difference in swim speed among groups ([Supplementary Figure 3b](#sup1){ref-type="supplementary-material"}). These data indicate that the AAV-BDNF treatment significantly attenuates the behavioral deficits of P301L mice.

Restoration of the brain BDNF level prevents neuronal loss, synaptic degeneration and neurogenesis impairment in P301L mice
---------------------------------------------------------------------------------------------------------------------------

Neuronal loss and synaptic degeneration, as well as impaired neurogenesis, are the pathological bases accounting for behavioral deficits. To investigate the mechanism underlying the improvement of behavioral performances following AAV-BDNF treatment, we tested the effects of BDNF supplementation on these pathologies in P301L mice. Consistent with previous studies,^[@bib22]^ 12-month-old P301L mice had remarkable neuronal loss in the CA1 region of hippocampus ([Figure 4a, b](#fig4){ref-type="fig"}), and significant synaptic degeneration and neuronal impairment as compared with age-matched Wt mice ([Figure 5](#fig5){ref-type="fig"}). We also found that the expression of multiple neuronal structure biomarkers, including microtubule-associated protein 2, neurofilament-200 and NeuN, in the brain of 12-month-old P301L mice was significantly lower than those in their Wt littermates ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). AAV-GFP treatment has no effect on these markers in the brains of P301L mice, as reflected by comparable levels of NeuN, microtubule-associated protein 2, neurofilament-200, ChAT, Nestin, NES, doublecortin, PSD-93, PSD-95, Syn-1, SNAP-25 and VAMP-1 in AAV-GFP-treated P301L mice to untreated P301L mice ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} and [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). However, compared with the AAV-GFP group, numbers of total neurons and cholinergic neurons were significantly increased in the AAV-BDNF group, as reflected by an increase in the number of NeuN-positive neurons in the CA1 region of hippocampus ([Figure 4a, b](#fig4){ref-type="fig"}) and ChAT-positive neurons in the basal forebain, respectively ([Figure 4c, d](#fig4){ref-type="fig"}). It was noticed that a subset of pyramidal neurons in the hippocampus of control and AAV-GFP-treated P301L mice typically displayed some structural changes indicative of apoptosis, including an enlarged perinuclear space, chromatin condensation and karyopyknosis, whereas apoptosis-like neurons were rarely found in the AAV-BDNF group ([Figure 4e](#fig4){ref-type="fig"}). It is consistent with the findings in western blot analysis for neuronal structure biomarkers ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Importantly, using western blot assays, we found that in dentate gyrus and olfactory bulb, where neurogenesis occurs actively, the expression of multiple new neural biomarkers, including Nestin, neuron-specific enolase and doublecortin in the AAV-BDNF group, was significantly higher than those in the AAV-GFP group ([Figure 5a, b](#fig5){ref-type="fig"}). In addition, following AAV-BDNF injection, several synaptic proteins, such as PSD-95, PSD-93, syn-1, SNAP-25 and VAMP-1, were upregulated in the brains of P301L mice ([Figure 5c](#fig5){ref-type="fig"} and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}), suggesting an protective effect of BNDF supplementation against synaptic degeneration.

Delivery of recombinant human BDNF gene does not affect tau hyperphosphorylation
--------------------------------------------------------------------------------

In order to investigate whether treatment of AAV-BDNF is able to change the levels of hyperphosphorylated tau, we compared the phosphorylated tau levels between AAV-BDNF and AAV-GFP groups by different regions, different tau aggregation states and different phosphorylation sites. In the hippocampus and thalamus, there were no differences in the area fraction and intensity of pS396-tau-positive staining among AAV-BDNF, AAV-GFP and untreated groups ([Figure 6a, b](#fig6){ref-type="fig"}). Using western blot assays, we also found no differences in multiple phosphorylation sites of tau between the AAV-GFP and AAV-BDNF treatments ([Figure 6c](#fig6){ref-type="fig"}). Tau was successively extracted in TBS and SDS, representing soluble and insoluble tau, respectively. In both TBS and SDS extracts, we found no differences in pT181- or pT231-tau levels between AAV-GFP and AAV-BDNF groups ([Figure 6d](#fig6){ref-type="fig"}). In addition, our data revealed that BDNF supplement did not affect the activities of tau phosphorylation enzyme GSK3β and phosphatase PP2A, as reflected by comparable levels of pS9-GSK3β:GSK3β and pY307-PP2A:PP2A in AAV-BDNF group to those in the AAV-GFP group ([Figure 6e](#fig6){ref-type="fig"}).

Long-term expression of AAV-GFP or AAV-BDNF are well tolerated by mice
----------------------------------------------------------------------

Throughout the animal studies, no obvious abnormal behavior was observed and no animal death occurred. Decreased levels of pro-inflammatory cytokines including interleukin (IL)-1β, tumor necrosis factor-α, interferon-γ and IL-6 was found in the brains of AAV-BDNF-treated P301L mice ([Supplementary Figure 6a](#sup1){ref-type="supplementary-material"}), indicating that delivery of AAV-BDNF did not induce damaging inflammatory reaction in brains, and inversely ameliorated neuroinflammation. Gene delivery did not significantly influence wet brain weight and animal body weight ([Supplementary Figure 6b, c](#sup1){ref-type="supplementary-material"}), nor liver enzyme activities ([Supplementary Figure 6d, e](#sup1){ref-type="supplementary-material"}). No discernible neoplasm was found in all AAV-administered animals. In addition, no sign of pathological morphologies was observed in organs including the intestine, kidney, liver, lung and heart ([Supplementary Figure 6f](#sup1){ref-type="supplementary-material"}). These data therefore suggest that long-term expression of recombinant human BDNF gene in the brain is well tolerated by P301L mice, demonstrating the safety of AAV-BDNF treatment.

Discussion
==========

In the present study, we confirmed BDNF deficiency in the serum and brain of AD patients and P301L mice. We further found that AAV-BDNF gene delivery reduced behavioral deficits, prevented neuron loss, alleviated synaptic degeneration and attenuated neurogenesis impairment in P301L mice. Although BDNF supplement seemed not to affect tau hyperphosphorylation levels, the treatment with BDNF presents itself as a promising treatment for tau-related neurodegeneration because of its neuroprotective effect and the advantage of its safety and the long-term expression.

A great challenge in the field of neurotrophin therapy is drug delivery to the central nervous system. When administered via peripheral administration, only limited amounts of BDNF can cross the blood--brain barrier owing to its charge and molecular size.^[@bib16]^ The AAV delivery strategy may address these issues. First, therapeutic proteins encoded by recombinant AAVs are widely and stably expressed, allowing its actions on target neurons in the brain regions of interest, and allowing its long-term treatment. Second, to date, AAV treatment is considered relatively safe,^[@bib27],\ [@bib28]^ as evidenced by the Food and Drug Administration-approved clinical trials of AAV-based gene therapies. In the present study, we found that after AAV-BDNF delivery, BDNF was stably expressed until the end point of the study, and also widely expressed throughout different brain regions. Our data further demonstrate the safety of brain delivery of BDNF gene via AAV. In the present study, AAV-BDNF therapy is well tolerated in animals. Another neurotrophin, nerve growth factor, is used in humans for AD treatment but leads to pain.^[@bib29]^ In this regard, BDNF seems to be more appropriate for use in humans than nerve growth factor. The safety and effectiveness of BDNF for AD treatment needs to be validated in the future.

Accumulating evidence reveals that there are two forms of BDNF: pro-BDNF and mature BDNF. Pro-BDNF is a high-affinity ligand for neurotrophin receptor p75 (p75NTR) and sortilin,^[@bib30]^ whereas mature BDNF binds with a greatest affinity to tropomyosin-related kinase receptor type B.^[@bib31]^ The distinction into BDNF isoform binding determines their differential physiological functions, as the activation of the pro-BDNF/p75NTR/sortilin pathway results in apoptosis^[@bib32]^ and neurite collapse,^[@bib33]^ and conversely, the activation of the BDNF/tropomyosin-related kinase receptor type B pathway predominantly supports neuronal survival.^[@bib34]^ In light of what was discussed above, we used AAV-mediated gene transfer to ensure a beneficial outcome of the AAV-BDNF application. As expected, we indeed observed these beneficial effects, including improvement of behavioral performances, attenuation of neuronal loss, and prevention for synaptic degeneration and neurogenesis impairment.

Of note, we found no effect of BDNF supplementation on tau hyperphosphorylation, indicating that BDNF may have no direct or indirect action on the tau protein, but rather interfere with tau\'s downstream toxicity. This result is consistent with previous findings that the genetic knockdown of BDNF in 3 × Tg-AD mice with mutant human presenilin-1, APP and human tau did not alter tau phosphorylation levels.^[@bib35]^ In contrast, in an *in vitro* model of differentiated neurons from embryonic carcinoma cells, BDNF was found to cause a rapid decline of phosphorylated tau levels,^[@bib36]^ and in rat cerebellar granule cells, similarly, BDNF induces a rapid upregulation of dephosphorylated tau.^[@bib37]^ This contradiction may be because of differences in the models used (*in vivo* versus *in vitro*). It is likely that a rapid downregulation of phosphorylated tau appears as an acute response of neurons to BDNF supplementation *in vitro*. However, after long-term BDNF treatment *in vivo*, tau phosphorylation and dephosphorylation may tend to become balanced because of complicated physiological processes, in particular the co-regulation of tau phosphorylation kinase GSK3β and phosphatase PP2A.^[@bib38]^ Indeed, we did not find any significant changes in the activities of these two enzymes in the present study. Thus, we speculated that BDNF may have no \'direct\' action on tau protein, but rather exert \'supportive effects\' to operate downstream of tau hyperphosphorylation. The mechanisms underlying these \'supportive effects\' are mainly because of the activation of the BDNF/tropomyosin-related kinase receptor type B signaling pathway, involving the downstreaming signaling of the mitogen-activated protein kinase kinase (MEK)--extracellular signal-regulated kinase (ERK) pathway, the phosphorylation of phosphoinositide 3-kinase (PI3K) pathway and phospholipase Cγ1 pathway.^[@bib16]^ Both MEK--ERK and PI3K pathways are deemed implicated in neurite outgrowth and neuronal survival, and the phospholipase Cγ1 pathway predominantly in synaptic plasticity via the mobilization of calcium stores and the activation of calcium-dependent protein kinases.^[@bib34]^

On the basis of our findings, we propose here that BDNF may exert a potent \'supportive effect\' on neuron and synapse by antagonizing harmful pathological events derived from tau hyperphosphorylation. In light of this point, the delivery of AAV-BDNF may be seen as a support therapy to tauopathy. Tauopathy is an integral phenotype of AD, as well as several related disorders including frontotemporal dementia, Pick\'s disease, Huntington\'s disease, progressive supranuclear palsy, corticobasal degeneration, argyrophilic grain disease, tangle-only dementia, white matter tauopathy with globular glial inclusions and Down\'s syndrome.^[@bib39],\ [@bib40],\ [@bib41],\ [@bib42]^ Recent studies showed that reduced BDNF expression and BDNF polymorphisms also existed in other diseases with tauopathies. In patients with Pick\' disease, the Val66Met genotype occurred more frequently,^[@bib43]^ and the BDNF mRNA was downregulated in the parietal cortex.^[@bib44]^ Reduced protein and mRNA levels of BDNF have also been found in brain tissue derived from mouse models of Huntington\'s disease,^[@bib45]^ and in the caudate and putamen of patients with Huntington\'s disease.^[@bib46]^ Furthermore, BDNF may have a role in the pathogenesis of corticobasal degeneration because BDNF mRNA levels were reduced in the parietal cortex of patients with this disease.^[@bib44]^ In our study, the BDNF levels were reduced in the brain of P301L mouse, which is also a model for frontotemporal dementia, whereas preserved BDNF expression has been observed in the cerebral cortex of patients suffering from frontotemporal dementia.^[@bib47]^ Further studies are needed to confirm BDNF expression and signal pathway in patients and animal models of other disorders with tauopathies, especially frontotemporal dementia. In spite of this, given that BDNF polymorphism and reduction are related with AD and other diseases with tauopathies, and the protective effect of BDNF in P301L mice, BDNF treatment might also be beneficial in other neurodegenerative diseases with tauopathies.

In conclusion, the present study uncovered the therapeutic effects of AAV-BDNF on tauopathy, suggesting that BDNF supplement is a promising strategy for prevention and treatment of AD and other neurodegenerative diseases with tauopathies.
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![Brain-derived neurotrophic factor (BDNF) protein levels in serum and brain are reduced in Alzheimer\'s disease (AD) patients and P301L transgenic mice. (**a)** Comparison of BDNF levels in serum between AD patients and age- and sex-matched healthy elderly controls (HE; mean±s.e.m., Student\'s *t*-test, \*\**P*\<0.01). (**b**) Detection rate of BDNF in cerebrospinal fluid (CSF) by enzyme-linked immunosorbent assay (ELISA; %, *χ*^2^-test, \**P*\<0.05). (**c**) Comparison of BDNF levels in serum between AD patients and HE controls (detected by ELISA) (mean±s.e.m., Student\'s *t*-test, \**P*\<0.05). (**d**, **e**) Representative western blot images (**d**) and quantification (**e**) of BNDF expression in brain homogenates from pathologically confirmed AD patients and age-matched HE (mean±s.e.m., *n=*12, Student\'s *t*-test, \**P*\<0.05). (**f**, **g**) BDNF levels in serum (**f**) and brain homogenates (**g**) of P301L tau transgenic pR5 mice and their wild-type (Wt) littermate controls at different ages (mean±s.e.m., *n=*6 per age and per type, two-way analysis of variance (ANOVA), Tukey\'s test, \*\**P*\<0.01). (**h**, **i**) Representative western blot images (**h**) and quantification (**i**) of mouse BDNF in brain homogenates of 4-month-old mice (mean±s.e.m., *n=*6 per age and per type, Student\'s *t-*test, \**P*\<0.05). 4mo P301L denotes 4-month old P301L transgenic mouse; 4mo Wt denotes 4-month-old Wt littermates. (**j**, **k**) Representative western blot images (**j**) and quantification (**k**) of mouse BDNF in brain homogenates of 12-month-old mice (mean±s.e.m., *n=*6 per age and per type, Student\'s *t-*test, \**P*\<0.05, \*\**P*\<0.01).](tp2016186f1){#fig1}

![Wide and stable expression of human brain-derived neurotrophic factor (BDNF) after intraventricular injection of adeno-associated virus carrying BDNF (AAV-BDNF). (**a**) Schematics of the construction and characterization of AAV-green fluorescent protein (AAV-GFP; left panel) and AAV-BDNF (right panel) vectors. (**b**, **c**) In order to exclude endogenous mouse BDNF, we applied a specific anti-human BDNF antibody to detect the expression of human BDNF within P301L mouse brain. Human BDNF expression is detectable in multiple brain regions (**b**), and GFP or human BDNF was selectively expressed in neurons but not in microglia (CD45-positive) or astrocytes (glial fibrillary acidic protein (GFAP)-positive) (**c**). Scale bar=80μm (**b**) or 40μm (**c**). (**d**) Comparison of human BDNF levels in brain homogenates of P301L mice treated with AAV-BDNF or AAV-GFP at 3 weeks (3w), 6 weeks (6w), 9 weeks (9w) and 9 months (9 m) after AAV injection initiated at 3 months of age (*n=*4 per group for 3w, 6w and 9w; *n=*6 for 9 m group; mean±s.e.m.; two-way analysis of variance (ANOVA), Tukey\'s test, \*\**P*\<0.01). The concentrations of human BDNF were determined using specific human BDNF enzyme-linked immunosorbent assay (ELISA) kits. (**e**) Western analysis of total BDNF expression (including endogenous mouse BDNF and exogenous human BDNF) in brain homogenates (*n=*5 per group; mean±s.e.m., one-way ANOVA, Tukey\'s test, \*\**P*\<0.05; n.s. denotes no significant difference). 12mo P301L (AAV-BDNF) and 12mo P301L (AAV-GFP) denote 12-month-old P301L mice treated with AAV-BDNF and AAV-GFP, respectively; 12mo P301L (untreated) denotes untreated 12-month-old P301L mice; 12mo Wt denotes age-matched wild-type littermates.](tp2016186f2){#fig2}

![Delivery of adeno-associated virus carrying brain-derived neurotrophic factor (AAV-BDNF) rescues the behavioral impairment of P301L mice. (**a**) Time schedule of behavioral tests. (**b**, **c**) The alternation percentage (**b**) and total number of entries (**c**) in the spontaneous alternation test (mean±s.e.m.; *n=*8 per group, one-way analysis of variance (ANOVA), Tukey\'s test, \**P*\<0.05). (**d**) Comparison of the percentages of novel arm entries among different groups (mean±s.e.m.; *n=*8 per group, one-way ANOVA, Tukey\'s test, \**P*\<0.05, \*\**P*\<0.01). (**e**) Comparison of the preference index in the novel object recognition test among different groups (mean±s.e.m.; *n=*8 per group, one-way ANOVA, Tukey\'s test, \**P*\<0.05). (**f**) Escape latency (seconds) during platform trials in Morris water maze (mean±s.e.m., *n=*8 per group, two-way ANOVA, Tukey\'s test, \**P*\<0.05). GFP, green fluorescent protein; Wt, wild-type.](tp2016186f3){#fig3}

![Neuroprotective effects of adeno-associated virus carrying brain-derived neurotrophic factor (AAV-BDNF) on neurons. (**a**, **b**) Representative images (**a**) and quantitative statistics (**b**) of neurons in the CA1 region of the hippocampus of P301L mice (untreated, AAV-BDNF treated and AAV-green fluorescent protein (AAV-GFP) treated) and wild-type (Wt) littermates, using NeuN immunofluorescence (IF) assays (six mice per group; mean±s.e.m., one-way analysis of variance (ANOVA), Tukey\'s test, \**P*\<0.05, \*\**P*\<0.01). Scale bar=25μm. (**c**) Schematic of basal forebrain in the coronal plane (upper-left panel) and representative images of choline acetyltransferase (ChAT)-positive cholinergic neurons in the medial septum (MS), intermediate part of the lateral septum (LSI) and vertical limb of the diagonal band (VDB) in AAV-BDNF and AAV-GFP groups. The inset shows the representative morphology of cholinergic neurons in MS at a higher magnification. V, ventral; D, dorsal; L, left; R, right. Scale bar=25μm. (**d**) Comparison of numbers of cholinergic neurons in MS, LSI and VDB between the two groups (six mice per group; mean±s.e.m., Student\'s *t*-test, \**P*\<0.05, \*\**P*\<0.01). (**e**) Representative electron micrographs of pyramidal neurons from the CA1 region of the hippocampus in the four groups. It is worth noticing that in 12mo P301L (AAV-GFP) group and untreated P301L group, a number of pyramidal cells shows structural changes typical of apoptosis, including an enlarged perinuclear space, chromatic agglutination and karyopyknosis, whereas apoptosis-like cells were rarely found in 12mo P301L (AAV-BDNF) group, and pyramidal cells in this group usually displayed with uniform chromatin density and a large nucleus, which was similar to 12mo Wt group. Scale bar=2μm.](tp2016186f4){#fig4}

![Supportive effects of adeno-associated virus carrying brain-derived neurotrophic factor (AAV-BDNF) on neurogenesis and synapse. (**a**, **b**) Representative western blot images and quantitative analyses of the expressions of nestin, neuron-specific enolase (NSE) and doublecortin (DCX) in olfactory bulb (**a**) and dentate gyrus (**b**) of the four groups (*n=*6 per group, mean±s.e.m., one-way analysis of variance (ANOVA), Tukey\'s test, \**P*\<0.05, \*\**P*\<0.01). (**c**) Representative western blot images and quantitative analyses for PSD-95, PSD-93, Syn-1, SNAP-25 and VAMP-1 expression in brain homogenates of the four groups (*n=*6 per group, mean±s.e.m., one-way ANOVA, Tukey\'s test, \**P*\<0.05, \*\**P*\<0.01).](tp2016186f5){#fig5}

![Genetic delivery of human brain-derived neurotrophic factor (BDNF) does not affect tau hyperphosphorylation. (**a**) Representative images of human pS396-tau immunostaining in the hippocampus and thalamus of different groups. Scale bar=100 μm. Insets show the representative morphology of pS396-tau-positive cells at higher magnification. (**b**) Comparison of the area fraction of human pS396-tau-positive immunostaining in the hippocampus (right panel) and thalamus (left panel) among the four groups (*n=*6 per group; mean±s.e.m., one-way analysis of variance (ANOVA), Tukey\'s test, \*\**P*\<0.01). No differences were found among 12mo P301L (untreated), 12mo P301L (AAV-green fluorescent protein, AAV-GFP) and 12mo P301L (AAV-BDNF, adeno-associated virus carrying BDNF). (**c**) Representative western blot images and quantitative analyses of tau hyperphosphorylation levels for multiple sites in 12mo P301L (AAV-GFP) and 12mo P301L (AAV-BDNF) groups, including pS396, pS202/T025 and pS404 (*n=*6 per group, mean±s.e.m., Student\'s *t*-test, no difference was found between the two groups). (**d**) Quantification of human pT181 (right panel) and human pT231 (left panel) levels in Tris buffer solution (TBS) and sodium dodecyl sulfonate (SDS) extracts of P301L brain tissue homogenates from AAV-GFP and AAV-BDNF groups (*n=*6 per group, mean±s.e.m., Student\'s *t*-test, no difference was found between two groups). (**e**) Representative western blot images and quantitative analyses of the Tau phosphorylation kinase GSK3beta and the Tau phosphatase PP2A in brain tissue homogenates of P301L mice from two groups (*n=*6 per group, mean±s.e.m., Student\'s *t*-test, no difference was found between two groups). AAV, adeno-associated virus.](tp2016186f6){#fig6}
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